We performed a systematic investigation on the dynamic behavior of conduction filaments (CFs) in WO 3-x -based devices. It was found that the electric forming produced an electric structure consisted of a conductive channel (virtual cathode) started from cathode and an insulating band surrounding anode. Both the virtual cathode and the insulating region varied with repeated resistance switching. Set/reset operation affected device resistance mainly by modifying the CF, which formed in the setting process together with an insulating halo that separated it from the virtual cathode. The device resistance exhibited a sudden change exactly corresponding to the emergence/vanishing of the CF and a smooth variation corresponding to the outward/inward expansion/contraction of the insulating halo. Anode ablation occurred after repeated cycling, and it is the key factor affecting the endurance of device. E lectric field-induced resistance switching (RS) between a high and a low resistance state (HRS and LRS) in dielectric material, which is a phenomenon discovered 40 years ago 1 , has received renewed interest in recent years due to its prospective application in non-volatile memory as well as other information technologies [2] [3] [4] [5] . This effect has been widely observed in metal-insulator-metal (MIM) stacks with the insulator of either oxide or electrolyte. Although the material are different, the mechanisms for the RS seem to be common, i.e., the formation or rupture of nanometer-sized conduction filaments (CFs) [6] [7] [8] . Solid evidence for the presence of CFs has been obtained by various techniques [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, optical microscope observed a field-induced directional growth of Ag chains in Ag 2 S 3 films 9 . Transmission electron microscope (TEM) captured the processes of the formation and rupture of Ag-based CFs in oxide matrix [13] [14] [15] [16] . Although oxygen vacancy (V O ) is invisible for most techniques, signatures of V O -based CFs were still identified: While repeating the RS operation, a development of gas bubbles underneath anode was observed in the Au-SrTiO 3 system 10 . A high resolution image of V O -CF, i.e., nanometersized Ti n O 2n-1 filament, was also obtained by the TEM technique in a Pt/TiO 2 /Pt cell 17 . CFs assign the RS effect two important features, i.e., excellent scale-down capability, the RS effect keeps strong in nanometer-sized devices, and high speed, the RS accomplishes within nanoseconds. Both characteristics are promising for information storage. However, the CFs have drawbacks of themselves. Due to their unpredictable locations and irregular structures, the switching parameters of the RS device, including set/reset voltage and HRS/ LRS resistance, often dispersed in a wide range. The endurance of the device was also miserable, and sometimes an electric breakdown happened within a few switching cycles.
We performed a systematic investigation on the dynamic behavior of conduction filaments (CFs) in WO 3-x -based devices. It was found that the electric forming produced an electric structure consisted of a conductive channel (virtual cathode) started from cathode and an insulating band surrounding anode. Both the virtual cathode and the insulating region varied with repeated resistance switching. Set/reset operation affected device resistance mainly by modifying the CF, which formed in the setting process together with an insulating halo that separated it from the virtual cathode. The device resistance exhibited a sudden change exactly corresponding to the emergence/vanishing of the CF and a smooth variation corresponding to the outward/inward expansion/contraction of the insulating halo. Anode ablation occurred after repeated cycling, and it is the key factor affecting the endurance of device. E lectric field-induced resistance switching (RS) between a high and a low resistance state (HRS and LRS) in dielectric material, which is a phenomenon discovered 40 years ago 1 , has received renewed interest in recent years due to its prospective application in non-volatile memory as well as other information technologies [2] [3] [4] [5] . This effect has been widely observed in metal-insulator-metal (MIM) stacks with the insulator of either oxide or electrolyte. Although the material are different, the mechanisms for the RS seem to be common, i.e., the formation or rupture of nanometer-sized conduction filaments (CFs) [6] [7] [8] . Solid evidence for the presence of CFs has been obtained by various techniques [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, optical microscope observed a field-induced directional growth of Ag chains in Ag 2 S 3 films 9 . Transmission electron microscope (TEM) captured the processes of the formation and rupture of Ag-based CFs in oxide matrix [13] [14] [15] [16] . Although oxygen vacancy (V O ) is invisible for most techniques, signatures of V O -based CFs were still identified: While repeating the RS operation, a development of gas bubbles underneath anode was observed in the Au-SrTiO 3 system 10 . A high resolution image of V O -CF, i.e., nanometersized Ti n O 2n-1 filament, was also obtained by the TEM technique in a Pt/TiO 2 /Pt cell 17 . CFs assign the RS effect two important features, i.e., excellent scale-down capability, the RS effect keeps strong in nanometer-sized devices, and high speed, the RS accomplishes within nanoseconds. Both characteristics are promising for information storage. However, the CFs have drawbacks of themselves. Due to their unpredictable locations and irregular structures, the switching parameters of the RS device, including set/reset voltage and HRS/ LRS resistance, often dispersed in a wide range. The endurance of the device was also miserable, and sometimes an electric breakdown happened within a few switching cycles.
After intensive studies, it becomes more and more clear that the regulation of the CF is the key issue for the improvement of device performance. Unfortunately, our knowledge about the CFs, which is obviously a prerequisite for an effective CF controlling, is still very limited, particularly the knowledge about the dynamic characters of the CFs, and some important issues remain unaddressed, such as what has happened to the CFs while repeating the RS operations, what is the crucial factor affecting the switching parameters, and what resulted in the RS failure. Obviously, the answer to these questions relies on a thorough understanding of the dynamic RS process.
TEM technique equipped with an electrical measurement unit provides a feasible approach monitoring the evolution of the CF in the RS process. However, the performance of the TEM sample is usually inferior to its bulk counterpart, which makes a systematic investigation difficult. Conductive atomic force microscope (C-AFM) is also a high resolution technique for detecting CFs operation. If an appropriate material possessing electrochromic character can be found, the dynamic process of the RS there could be readily captured by photo microscope. Although the CFs in a laterally structured optical sample could be different from those in a MIM-stacked sample, the mechanisms for the RS should be the same. CMOS-compatible material WO 3-d (d = 0.1), which is a potential candidate for intelligent nano-devices with unique electroresistive/neuromorphic properties [18] [19] [20] , is a suitable material. Due to the electrochromic characteristics (the transmittance is reduced when W 51 ions appear), CFs in WO 3-d could be discriminated from background by color contrast, and therefore could be recorded by photo microscope. Combining photo microscopy with synchronous electric measurements, here we performed a systematic investigation on the Au-WO 3-x -Au lateral device (x . d), focusing on the correlation between the microscopic structure of the CFs and the macroscopic properties of the RS devices. We found that electric forming yielded an electric structure composed of a conduction channel (virtual cathode) stemmed from cathode and an insulating layer around anode. The set/reset operation affected strongly the insulating layer and fairly the virtual cathode. The correspondence between the CFs and the resistance state, including intermediate states during the RS, was determined. Evolution of the CF in structure/location against repeated RS operations was tracked, and the key factors affecting the endurance of the Au-WO 3-x -Au were identified.
Results and discussions
A series of Au-WO 3-x -Au devices, with the electrode-electrode (AuAu) separations of 20 mm or 50 mm, were prepared for the present research. Figure 1(a) is a schematic view of the experiment setup. For convenience, we defined the two electrodes as upper electrode (UE) and lower electrode (LE), respectively. Electric bias was applied to the UE and the LE was grounded. All measurements were performed in dry air at ambient temperature. To perform electric forming, a negative field was applied to the UE, and the resulted changes in current and transparency were simultaneously recorded. With the increase of bias voltage, the current undergoes first a linear and then an abrupt growth ( Fig. 1(b) ). Exactly corresponding to the accelerated current growth, a shadow area appears in front of the UE and expends rapidly to the LE. Simultaneously, a narrow and bright bar against the shadowed area emerges in front of the LE (data for I cc 5 5 mA in Fig. 1(c) ) and laterally spreads under the stress of the dark channel (data for I cc 5 6 mA in Fig. 1(c) ), protecting the LE against being shadowed. By the end of the forming process, a structure consisted of a broad dark channel and a narrow bright band around the LE is formed. The transmittance images in Figs. 1(c) demonstrate the detailed process of electric forming.
To specify the electric structure caused by forming process, Raman spectroscopy of the sample was measured. ) grows by fivefold whereas the ,427 cm 21 peak (W 51 ) reduces by 80% ( Fig. 2(c) ) 21 , i.e., the electron density in dark region is higher than that in bright region. It is possible that oxygen anions are pushed by electric field from UE to LE (see Support Information for detailed analyses, Fig. S2 ), forming oxygendeficient region near the UE and oxygen-excessive region around the LE. Based on the relation between oxygen content and transmittance established by Yamamoto et al.
22
, the distribution of oxygen vacancies in WO 3-x can be obtained. Expressing the bright region as WO 3-d (This region exhibits similar transmittance and Raman spectrum with those of WO 3-d ), as shown in Fig. 2 (d), the darkest region is then WO 2.7-d , near the metal-semiconductor border 23 . From bright to dark regions, the content of oxygen vacancies increases from 0 to 0.3, corresponding to the increase (decrease) of the content of W 51 (W 61 ) ions from ,0% to ,80% (,100% to ,20%). This result is compatible with that of Raman spectra. It is therefore clear that the electric forming generates an electric structure composed of a broad conductive channel stemming from cathode (virtual cathode) and a narrow insulating shell around anode. It is similar to the case for the MIM-stacked devices with an active anode, for which electric forming created an oxide shell around anode 24, 25 . Indeed, this kind of electric structure supports the RS. As exemplified in Fig. 3(a) , the I-V characteristics of the Au-WO 3-x -Au cell show the typical feature of bipolar RS. The sharp voltage drop started at ,11.3 V signifies the HRS-LRS transition, and the reset process is indicated by a sudden current drop at 27.1 V. The set process can be clearly classified into two distinctive processes marked by respectively a sudden voltage drop (set1) and a followed abrupt current jump (set2). There is no obvious signature for the finishing of the set process, whereas the ending of the reset one is marked by the current upturn (reset2) following the current drop (reset1). Exactly corresponding to the sharp voltage drop of set1, as revealed by in situ optical observation, a CF was formed across the insulating layer (Fig. 3(c) ). Since the insulating layer is thick in front of the LE, the CF grew on one side rather than the apex of the LE, though the electric field near apex may be the strongest. A line-profile analysis indicates that the CF is ,5 mm in width, with a transmittance of ,51% lower than neighboring region (Fig. 3(m) ). Accompanying the formation of the CF, an additional annular halo outside the insulating layer emerged, separating the CF from virtual cathode. After repeated experiments for various samples, we found that, fascinatingly, the CF always appeared with a halo cap, regardless of device structure. According to the profile analysis in Fig. 3(g) , the dark-bright border is most conductive. The CF joined this border while breaking through the insulating layer, forming a arc-like electrode that shunts the LE. Meanwhile, the oxygen vacancies near this border were pushed by the arc-like electrode to the UE, forming a bright halo. The annular form of the halo indicated that the field distribution between two electrodes was rather symmetric. Fig. 3(f) shows the change in oxygen distribution from HRS to set1. Blue (red) color represents the region where oxygen content is decreased (increased) after set1. It displays a significant reduction of oxygen content in the region near LE (blue-colored regions), especially on the right side of the CF where the CF formed, and an accumulation of oxygen ions in the region in close proximity of the blue arc. A quantitative analysis shows that the number of the oxygen ions expelled from the blue region is ,6.8 3 10
11 while the accepted oxygen ions by the red region is ,7.3 3 10 11 , i.e., a portion of oxygen ions in blue area were driven to red region by the set operation, and the oxygen content of the film remained unchanged. According to the line profile data in Fig. 3(g) , the oxygen content is ,2.7 at brightdark border in the HRS state and ,2.8 in the faint halo in the state after set1; the latter is a value in between those of the bright and dark regions.
With the continuous growth of the set current, the width/transparency of the CF changed only slightly. The transmittance reduction is ,7% from set1 to set2 (Fig. 3(m) ), in contrast to the sharp drop from HRS to set1. Meanwhile, the CF width (measured along the dashed line in Fig. 3(m) ) grew by ,20%. Obviously, the darkening and widening of CF are responsible for the continuous conduction increase from set1 to set2. A remarkable observation is the continuous expansion of the annular halo from Figs. 3(c) to 3(e). It indicates a back-flow of oxygen ions, driven by setting field. Removing set current gradually, the I-V curve goes back along an alternative trajectory, which may be ascribed to slight changes in electric structure (Figs. 3(d) to 3(e) ). A strong influence of electric structure on transport property is also observed in the reset process. As expected, the reset process is exactly an opposite process of the set one, i.e., the CF dissolved and the halo contracted (Figs. 3(h)-3(k) ).
The fine electric structure of the device is particularly interesting. We have repeated our experiments for differently structured samples, and observed similar phenomena, i.e., rather than directly penetrating into virtual cathode, the CF prefers to appear with an insulating cap (bright halo). After a careful analysis of the correspondence in Fig. 3(a) and Figs. 3(b)-3(e) , we found that the faint halo played a distinct role in the controlling of the RS process: It separates the CF from virtual cathode, thus prevents an electric breakdown due to the sudden appearance of the CF, which makes it available for the regulation of current growth.
As a supplement, we would like to point out that the RS behavior here is different from that observed in stacked Pt/WO 3 /Pt devices, where the insulating layer around the anode was broken when oxygen anions were pushed to and then absorbed by Pt 26 . In that case, electrode acted as oxygen reservoir, exchanging oxygen ions with the active layer. In contrast, the electrode in Au-WO 3-x -Au is unnecessarily oxygen-soluble since the CF grows from the anode instead of virtual cathode. In fact, the RS in our samples is similar to that in devices with a reactive electrode such as Al-Pr 0.7 Ca 0.3 MnO 3 24 . As reported, to drive the device to the LRS, a reverse field has to be applied to dissolve the AlO x insulating layer that was formed during electric forming.
In addition to the close relation between electric structure and resistance state, above experiments reveals a strong influence of the set/reset operation on electric structure. It is then an interesting issue what will happen to electric structure while repeating RS cycles again and again. In Fig. 4(a) we show the HRS/LRS resistance as a function of cycle numbers, derived from the I-V curves at a bias of 0.5 V. Look at the sample with the 40-nm-thick Au electrodes. The resistance of the HRS undergoes a decrease at a rate of ,0.008% per cycle up to 1300 cycles. Different from the HRS, resistance of the LRS experiences first a slow decrease and then a smooth increase, above ,600 cycles. Accompanying this resistance upturn, considerable data fluctuation appears and develops, severely deteriorating the performance of the device. As an example, the I-V curves from 200 to 400 cycles are presented in Fig. 4(b) . Fig. 4(c) is a comparison of the resistance distributions from 200 to 400 cycles and from 800 to 1000 cycles. Obviously, device performance is much better in the former 200 cycles.
From in situ optical observation, we can get direct information about the electric structure. As shown by Figs. 4(d) to 4(g), the virtual cathode exhibits a lateral expansion and a detectable coloring after the first several hundreds of cycles (Figs. 4(d) and 4(e) ), then the apex of the LE becomes transparent with further cycling (Figs. 4(e) to 4(g)). Meanwhile, the location of the CF becomes uncertain, switching between the left and right sides of the LE. Sometimes two CFs, with one on each side of Au, appear (Fig. 4(g) ). To trace the evolution of the electric structure, in Figs. 4(h) and 4(i) we present the transmittance changes with electric switching, obtained by subtracting the image of 10 cycles from those recorded after 50 and 400 cycles, respectively. It shows that, while repeating the RS, lungshaped blue areas (marked by red arrow in Fig. 4(i) ) appear and develop on two sides of the virtual cathode. The maximal transmittance change is ,12% after 400 cycles, occurring on right side of the anode (opposite to the CF, marked by yellow arrow). As a consequence, the effective width of the virtual cathode was nearly doubled. In contrast, the width and transparency of the CF remains essentially unchanged as indicated by the line-profile analysis in Fig. 4(j) . These results indicate that the resistance decrease in the first several hundreds of cycles in Fig. 4(a) is actually a consequence of structure reconstruction of the virtual cathode. While the performance worsening could be ascribed to the random location of the CF and the appearance of multi-CFs. Compared with HRS, the LRS is more sensitive to the details of the CF. Therefore, its resistance fluctuates more strongly against electric cycling.
To identify the source for data fluctuation, the surface morphology of the Au electrode was analyzed. As shown by the AFM image in Fig. 5(a) , the Au layer is smooth just after the forming process, and only its front edge is slightly blurred. After hundreds of cycles, however, a visible gap appears and develops in the apex of the LE and, in the meantime, the residual Au film surrounding this gap is significantly coarsened. This could be a consequence of self Joule heating 27, 28 or gas release due to the oxidation of oxygen anions underneath anode 10 . The latter may be the main reason for electrode ablation since it occurred at the apex of the electrode rather than the left side where the CF formed (marked by an arrow in Fig. 5(c) ). Obviously, electrode ablation will make the field distribution near the LE irregular, modifying the structure of the CF. In return, the feedback of the multi-CF effect will further deteriorate field distribution, enhancing the uncertainty of the RS behavior. As a result, the performance of the device becomes worse and worse until a hard electric breakdown occurs. According to this analysis, if an approach depressing electrode ablation can be found, the device performance should be improved. By using thicker Au electrodes, we indeed obtained improved device endurance. For example, increasing Au thickness from 40 nm to 80 nm, the number of stable RS cycles grows from ,600 to ,1200 cycles (blue symbols in Fig. 4(a) ). Obviously, a thicker Au film has a better mechanical strength, withstanding the impact of O 2 gas formed underneath the anode. Meanwhile, the thickness increase of Au will enhance the conductance of the electrode, thus reduce the Joule heat. It is expected that the current will flow through electrode as far as possible since the resistance of Au is lower than that of WO 3-x . However, the electrode resistance will continuously grow approaching the apex due to the reduction of the width of Au, and the current will finally flow perpendicularly into WO 3 . A thicker Au could postpone the occurrence of the latter process, i.e., the current may advance further along Au before flowing into the WO 3 . As a result, the damaged area will be shrunk and its effect on field distribution will be depressed. This explains why only an increase of thickness by a factor of two considerably improved device performance. These results indicated that electrode was a key factor affecting the performance of the Au-WO 3-x -Au devices.
In summary, the dynamic process of the RS in Au-WO 3-x -Au device was systematically studied by means of in situ optical observation and electric measurements. We found that electric forming causes a redistribution of the oxygen vacancies in WO 3-x , yielding an electric structure consisted of a conductive channel stemmed from cathode and an insulating layer around anode. Set/reset operation affects both the insulating layer and the virtual cathode, yielding/ dissolving a CF in insulating layer in the meantime driving an outward/inward expansion/contraction of an insulating halo in virtual cathode. Exactly corresponding to the emergence/vanishing of the CF, device undergoes a sudden resistance change. Repeated electric switching causes a significantly lateral expansion of virtual cathode and a redistribution of the W 61 /W 51 ions between two electrodes but affects slightly CF until the electrode ablation. The latter is a key factor affecting the endurance performance of the Au-WO 3-x -Au devices.
Methods
Device fabrication and measurement. Planar Au/WO 3-x /Au devices were composed of a WO 3-x blanket layer covering the entire glass wafer and arrow-shaped Au electrodes above the film. The WO 3-x layer was prepared by pulsed laser deposition from a WO 3-d target. The film thickness was ,600 nm, controlled by deposition time (deposition rate 510 nm/min). During the deposition, the substrate temperature was held at 400uC and the oxygen pressure at 10 Pa. 40-nm-or 400-nm-thick Au layers were deposited by DC sputtering on the WO 3-x film covered by arrow-shaped photoresist patterns, and electrode arrays were fabricated by the conventional lithography and lift off technique. Two series of Au-WO 3-x -Au devices, with two electrodeelectrode separations of 20 mm and 50 mm, respectively, were prepared for the present experiments. The DC characteristics of device were measured by a Keithley 2611 source meter at ambient temperature in dry air.
Optical observation and AFM & Raman analyses. In the same time of electric characterization, the sample was illuminated by white light on the back and the transparency was recorded by a CMOS camera through an intermediate photomicroscope.
The surface morphology of the WO 3-x film was analyzed by a atomic force microscope (AFM, Seiko Instruments, SPA400) with a Si tip. The valence state of tungsten ion in the WO 3-x film was characterized by a confocal microRaman spectrometer (Horiba/Jobin Yvon HR800), using the 532 nm excitation laser line (beam spot size 5 1 mm). Transmittance of the WO 3-x film was determined by comparing the light intensities through the glass with WO 3-x and glass alone, respectively. Distribution of oxygen vacancies was deduced from the transmittance image collected under a monochromatic light of 633 nm, adopting the transmittanceoxygen content relation established by Yamamoto et al. in Ref. 22 .
